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ABSTRACT: This paper investigates the stator winding short 
circuit characteristics in synchronous generators under rated 
operating conditions by combing the single-winding analytical 
method and the finite element method (FEM), which is still the 
effective method to determine currents and torques under 
specific fault conditions. Some special measures have to be 
considered in case of the electromagnetic transient process 
under the condition of inner faults, e.g., the correct 
interconnection between sub-strands and the grid is of the 
particular importance for inner fault simulations. The previous 
results show that the traditional calculation method based on 
the equivalent networks fails in case of the inner asymmetry 
magnetic field. Based on the systematic investigation of a turbo 
generator with inter-turn short circuits, the results of this paper 
show the short circuit currents, phase currents, torques and the 
radial forces have strong correlations with the location and the 
turn number of faults. In some cases of inter-turn short circuits, 
the fault currents exceed that of the outer faults. Furthermore, 
strong radial forces acting on the magnet wheel might lead to 
the damages of the total shaft train. 
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组匝间短路的故障特性，并在 FLUX 2D 中建立了
发电机匝间短路的等值模型，该模型既考虑了绕组
的空间位置、连接方式，又兼顾了铁磁材料的饱和
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感。根据互感的定义，若线圈 k 中电流 ik所激发的
磁场穿过线圈 v 的磁链是v,k，其磁链v,k 与电流
ik 的比值就是互感的值。根据斯托克斯公式，磁链
v,k与磁向量勢 Av,k之间有如下关联式： 
 , , ,
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  A l  (3) 
在实际的电机中沿着 Z轴上的绕组的磁向量势
可以看作是均等的。如图 1 所示，绕组 v 和 k 之间
的互感可以由式(4)计算： 
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图 1  基于矢势原理的互感测定 
Fig. 1  Determination of the mutual inductances based on 
vector potential 
如果同时考虑绕组端部的互感，则绕组 v 和 k
之间的互感表示为 
 leakage, , ,( )
G
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k
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    (5) 
发电机的端电压可以通过单一回路电压得到，
如方程(6)，其中矩阵 C 是由 0 和 1 组成的，当此单
一回路是原电机中端电压的一部分时为 1。 
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2  同步发电机定子匝间短路故障仿真模型 
2.1  仿真模型 
本文以 1 台 775MVA 汽轮发电机(美国运行的
电机额定频率为 60Hz)为例，在 FLUX 软件中建立
该仿真模型，该电机的主要参数如表 1 所示。 
表 1  发电机参数 
Tab. 1  Generator parameters 
参数 数值 参数 数值 
额定功率 PN/MVA 775 额定频率 fN/Hz 60 
额定电压 UN/kV 26 极数 2P 2 
额定电流 IN/kA 17.2 每极励磁绕组匝数 47 
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图 2  发电机定子绕组联结和仿真短路位置示意图 
Fig. 2  Diagram of stator winding connection and the 
simulative short-circuit position 



















图 3  基于有限元剖分的发电机截面网格图 
Fig. 3  Subdivided cross section of the generator with FEM 
 
图 4  匝间短路的电路模型 
Fig. 4  Circuit model of inter-turn short circuit 
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其中，图的底端是个等值电网，在 FLUX 中用电压
源(V_R、V_S 和 V_T)来代替。另外，用 3 个电感
(L_R、L_S 和 L_T)和电阻(R_R、R_S 和 R_T)来表
示电力变压器，用来连接电网和发电机。发电机的
定子上的每匝线圈用 1 个电感和 2 个导线组成。转
子用 3 个实体导线(M_NV、M_DPF 和 M_ROT)、1
个电压源(V_ERR)和 2 个线圈导线 (B_NEW 和
B_PEW)来表示[20]。 
3  仿真分析 
3.1  短路瞬态过程分析 


















3.1.2  短路电流 
在图 4 中表示的短路情况下，得到流过开关
(S_WFI、S_WFII 和 S_WFIII)的电流如图 5 所示。
从图 5(a)可以看到，短路电流 IK 明显增大。对于
WFI 在 t5.9945s 时短路，经过半个周期以后，即
t6.001764s 时短路电流达到最大值，其值为额定
电流幅值的 14.357 倍。短路电流由直流和交流 2 部
分组成，在 t6.001764s 时其直流成分为 87kA。
到 t6.1s 以后，短路电流的直流成分基本消失，
其交流成分的幅值为额定电流的 9.297 倍。表 2 给
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图 5  定子在不同短路位置情况下的短路电流 
Fig. 5  Short circuit currents of stator in the different 
short-circuit locations 
表 2  3种短路电流比较 
Tab. 2  Comparison of short-circuit current 
位置 最大值的时刻/s 最大值/pu 最大直流分量/pu
WFI 6.001764 14.357 5.058 
WFII 6.002061 17.618 7.770 







3.1.3  磁力线分布 






于 WFIII 的磁力线失真更加严重。 
 
(a) 匝间短路 WFI (b) 匝间短路 WFII (c) 匝间短路 WFIII  
图 6  定子在不同短路位置情况下 
最大短路电流时的磁场分布 
Fig. 6  Magnetic field distribution of the stator when the 
maximum short-circuit current in the different short-circuit 
location 
第 3 期 叶志军等：基于 FLUX 2D 的大型同步发电机在额定运行下定子绕组匝间短路故障特性研究 129 
 
3.1.4  相电流 
相电流是整定发电机保护装置的重要指标，但
并不是在任何内部故障发生时，其相电流都会明显
增大，比如在匝间短路 WFI 这种情况下(图 7(a))，
相电流变化就不明显。而这种情况对于发电机的正
常工作却是非常危险的。短路发生以后，R 相的电
流基本没有变化，而 S 相和 T 相的电流变小。由   
图 7(b)可以看出，匝间短路 WFII 在 t6.003847s
时，R 相的电流是额定电流的 1.88 倍。而在 t 
6.004343s 时，T 相的电流是额定电流的 2.063 倍。
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图 7  定子在不同短路位置情况下的相电流 
Fig. 7  Phase current of stator in a different location 
short-circuit 














向力和电磁转矩。根据图 8 中匝间短路 WFI 可以看
出，当 t6.00335s 时转子在水平方向上受到大约
805kN 的作用力。当 t6.0019s 时转子在垂直方向
上受到大约 655kN 的作用力。当 t6.00286s 时转
子受到大约 921.5kN 的最大径向合力。从表 3 可以
看出，在水平方向上 WFII 转子受到的力最大，而 
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图 8  定子在不同短路位置情况下的径向力 
Fig. 8  Radial force of stator in a different location 
short-circuit 
表 3  3种径向力比较 
Tab. 3  Comparison of radial force 
位置 FX最大值/kN FY最大值/kN F 最大值的时刻/s F 最大值/kN
WFI  805   655.0 6.002860 921.5 
WFII 1290   822.8 6.002658 1418.5 
WFIII 1074 1126.4 5.999482 1253.3 




力的大小看 WFII 转子受到的径向合力最大。 












WFI 在 t6.191645s 时，最大转矩从额定转矩
1851114Nm 增加到2211983Nm；而对于匝间
短路 WFII 和 WFIII 在短路后很快转矩就到达最大
值，如表 4 所示。 
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图 9  定子在不同短路位置情况下的力矩 
Fig. 9  Torque of stator in a different location short-circuit 
表 4  3种转矩比较 
Tab. 4  Comparison of torque 
位置 Me1 最大值的时刻/s Me1 最大值/(Nm) 
WFI 6.191645 2211983 
WFII 5.999482 2871220 
WFIII 5.999285 3749932 
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图 10  定子在不同位置的单匝短路 
Fig. 10  Single-turn short circuit of the stator in a different 
location short-circuit 
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图 11  定子在不同位置的两匝短路 
Fig. 11  Double-turn short circuit of the stator in a 
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图 12  从定子端部开始不同匝数的短路 
Fig. 12  Different number of turns of the short circuit from 




路的 5 倍。 
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Fault Characteristic Study Based on FLUX 2D for Large Synchronous 
Generators With Inter-turn Short Circuit of Stator Windings Under Rated 
Operating Condition 
YE Zhijun1, YOU Baiqiang2, Jens Rosendahl1, Stefan T. Kulig1 
(1. Institute of Electrical Drives and Mechatronics, TU Dortmund University, TU Dortmund 44227, Germany;  
2. School of Information Science and Technology, Xiamen University) 
KEY WORDS: synchronous generator; stator windings finite element method (FEM); inter-turn short circuits 
With the increasing capacity of synchronous 
generators in power systems, stator winding inter-turn 
short circuit analysis plays a significant role in the 
reliable operation of the generator. In order to investigate 
the stator winding short-circuit characteristic, a novel 
method combing the single-winding analytical and Finite 
Element Method (FEM) is proposed. First of all, the 
simulation model of the typical synchronous generator is 
built with FLUX-2D software considering saturation and 
un-symmetrical air gap field. The connection style and 
short-circuit locations of the stator winding are shown in 
Fig.1. 
 
Fig. 1  Diagram of stator winding connection and simulative 
short-circuit position 
Aiming at describing the inner asymmetry problem 
and improving the computation accuracy, the air gap in 
the simulation model is classified into three categories: 
rotor air gap, stator air gap and simulation air gap. The 
subdivided cross section of the simulated generator 
based on the FEM is presented in Fig.2. 
According to the locations of three different short 
circuits (Fig.1), the variations of parameters including 
short circuit currents, magnetic field distribution, phase 
current, radial force and torque are comprehensively 
analyzed. The transient processes of three different short 
circuits are further compared based on the simulated 
results. Furthermore, the relationships between the 
transient parameters (short circuit currents, phase 
current, radial force and torque) and different short 
circuit locations as well as winding turns are researched. 
The simulation results from Tab. 1 show that with  
 
Fig. 2  Subdivided cross section of the generator with FEM 
Tab. 1  Comparison of parameters for single-turn short circuit of 
the stator in a different location short-circuit 
Locations 
short-circuit
IK/pu IR/pu IS/pu IT/pu F/Mn Mel/pu
1 14.13 1.36 1.42 1.48 1.63 1.19 
2 14.38 1.42 1.42 1.40 1.47 1.18 
3 14.36 1.43 1.42 1.40 0.92 1.20 
4 14.40 1.44 1.42 1.40 0.49 1.21 
5 14.25 1.45 1.42 1.40 0.98 1.19 
6 13.83 1.44 1.42 1.40 1.37 1.20 
7 13.36 1.41 1.43 1.40 1.50 1.20 
the same number of short circuit turns, short circuit 
current, phase current, electromagnetic torque the 
influence of short-circuit location is very small. While 
the radial force is closely related to the short-circuit 
location, the closer the center of the series winding, the 
smaller the radial force. 
Tab. 2  Comparison of parameters for different number of turns 
of the short circuit from the stator end 
Turns of 
short-circuit
IK/pu IR/pu IS/pu IT/pu F/Mn Mel/pu
1 14.13 1.36 1.42 1.48 1.63 1.19 
2 16.74 1.62 1.42 2.23 3.85 1.64 
3 18.72 2.04 1.42 3.40 6.01 2.14 
4 21.35 2.71 2.32 5.06 7.65 2.72 
5 24.59 3.83 3.51 7.32 8.16 3.44 
6 28.47 5.39 4.84 10.22 5.88 4.32 
Tab. 2 shows that under the rated operating 
condition and the same position at the end of 
short-circuit, when the number of short circuit turns 
increases, short-circuit current, phase current and torque 
will also increase. 
